Cystic fibrosis (CF) has become a paradigm disorder for the clinical testing of gene therapies in the treatment of inherited disease. In recent years, efforts directed at gene therapy of CF have concentrated on improving gene delivery systems to the airway. Surrogate endpoints for complementation of CFTR dysfunction in the lung have been primarily dependent on correction of chloride transport abnormalities. However, it is now clear that the pathophysiology of CF airways disease is far more complex than can be solely attributed to altered chloride permeability. For example, in addition to functioning as a chloride channel, CFTR also has been implicated in the regulation of other apical membrane conductance pathways through interactions with the amiloride sensitive epithelial sodium channel (ENaC) and the outwardly rectifying chloride channel (ORCC). Superimposed on this functional diversity of CFTR is a highly regulated pattern of CFTR expression in the lung. This heterogeneity occurs at both the level of CFTR protein expression within different cell types in the airway and the anatomical location of these cells in the lung. Potential targets for gene therapy of CF include ciliated, non-ciliated, and goblet cells in the surface airway epithelium as well as submucosal glands within the interstitium of the airways. Each of these distinct cellular compartments may have functionally distinct roles in processes which affect the pathogenesis of CF airways disease, such as fluid and electrolyte balance. However, it is presently unclear which of these cellular targets are most pathophysiologic relevant with regard to gene therapy. Elucidation of the underlying mechanisms of CFTR function in the airway will allow for the rational design of gene therapy approaches for CF lung diseases. This review will provide a summary of the field's current knowledge regarding CFTR functional diversity in the airway and the implications of such diversity for gene therapies of CF lung disease.
Introduction
Cystic fibrosis is the most common autosomal recessive disease in the Caucasian population affecting 1:2000-1:3000 births each year. 1 Although multiple organs are affected in this disease, the most severe pathology occurs in the lung and results in the production of abnormally viscous mucus, poor mucociliary clearance, chronic bacterial infections, bronchiectasis, and eventually pulmonary failure and death. The molecular defect in cystic fibrosis was elucidated following the cloning of the cystic fibrosis transmembrane conductance regulator (CFTR) gene, [2] [3] [4] which encodes an epithelial chloride channel. Respiratory complications in CF, caused by the lack of CFTRmediated chloride transport in epithelial cells of the lung, are believed to be the result of a combination of factors including abnormally thick mucus secretions, impaired mucociliary clearance, and decreased bacterial killing. 1, 5, 6 Despite the numerous advances associating primary defects in CF airway epithelium with CFTR dysfunction, the exact mechanism(s) which result in an elevated susceptibility to infection specifically with Pseudomonas aeruginosa remain obscure. Central to the current confusion associated with the etiology of CF lung disease is a lack of understanding about what functions CFTR has in the normal airway. Despite this large gap in knowledge, cystic fibrosis has developed into a paradigm disease model for human gene therapy. Numerous phase I gene therapy protocols directed at evaluating the efficacy and toxicity of gene transfer to the airway have been initiated for recombinant adenovirus, adeno-associated virus, and liposomes. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] However, without a concrete knowledge of the pathophysiologic relevant cellular targets and CFTR functions in the lung, progress toward phase II efficacy trials for CF will be impaired. This manuscript will review several aspects of CFTR physiology in the lung to portray the complexities which may be associated with future gene therapy trials for CF. Questions this review will address include: 1) What are the cellular sites of CFTR expression in the lung? 2) What is the current understanding about cellular functions of CFTR in the lung? 3) How might cell type specific compartmentalization of CFTR expression play an important role in the regulation of fluid and electrolyte transport in the airways? and 4) What are the implications of multiple functionally distinct cellular targets in the lung for gene therapy of CF? This review will present a general model of how CFTR may function in the airway within numerous distinct cellular compartments to regulate electrolyte, fluid, and mucous secretions. Central to this model is an appreciation for the limitations of current in vitro and in vivo animal models to study CFTR function. Such limitations include the potential for highly regulated and compartmentalized expression of both CFTR and other ion channels in the airway which may be necessary for normal airway function. Ultimately, a better understanding of such functional diversity will aid in the rational development of treatments (both pharmacologic and gene therapy) for CF airways disease.
Heterogeneity of CFTR-expressing cell types in the lung
The characterization of CFTR expression within human lung has provided the foundation for understanding what cellular sites in the lung may be pathophysiologically important in CF lung disease. Initial reports using PCR analysis of human lung have demonstrated that, on average, only several copies of CFTR mRNA are present in lung epithelial cells. 21 Furthermore, variation in the splicing of CFTR transcripts within the CF population has suggested that as little as 8-15% of normal CFTR message is required for normal lung function. 22, 23 Studies localizing CFTR expression in the proximal human bronchus have demonstrated that CFTR protein and mRNA are expressed predominantly in submucosal glands and to a lesser extent in the surface airway epithelium. [24] [25] [26] Surface airway epithelial cells were seen to express CFTR at high levels in an infrequent population of non-ciliated cells surrounding gland duct openings. 24 In contrast, submucosal glands, which are located within the cartilaginous airways, abundantly expressed CFTR. These structures are composed of numerous interconnecting ducts and tubules which regulate the flow of serous and mucous secretions into the airway. The pattern of CFTR expression within the submucosal glands is extremely heterogeneous with regard to CFTR-expressing cellular phenotypes. The highest abundance of CFTR is located at the most distal ends of glands in nearly all serous cells. In contrast, collecting and ciliated ducts of submucosal glands express CFTR at extremely high levels in 1-3% of cells. Hence, the cell types and the pattern of CFTR expression within submucosal glands have proven to be very heterogeneous and demonstrate the potential complexities associated with targeting this region by gene therapy.
Analysis of CFTR expression in the distal regions of the lung is also very heterogeneous and is seen within a subset of non-ciliated bronchiolar and alveolar epithelial cells. 27 This pattern suggests a recurrent theme of highly regulated expression as seen in submucosal gland ducts. Of importance when evaluating CFTR expression patterns in the airway, is a concrete understanding concerning the sensitivity of assays used for detection. For example, alternative more sensitive methods of detecting CFTR expression in airway cell types have assessed chloride channel function. Although CFTR protein expression is undetectable in ciliated cells by immunocytochemical techniques, studies utilizing intracellular microelectrodes to measure apical membrane Cl -permeabilities in freshly excised proximal airway tissues have suggested the CFTR is also expressed at low levels in ciliated cells. 28, 29 Such findings underscore the highly regulated nature of CFTR expression in the airway.
Critical to our understanding of how cellular compartmentalization of CFTR expression in the airway may regulate fluid and electrolyte balance is the distribution of other channels which may function coordinately with CFTR to affect these processes. For example, Figure 1 depicts the co-localization of CFTR and Na + /K + -ATPase within proximal surface airway epithelial cells and gland ducts. This figure demonstrates high levels of CFTR expression in a single airway epithelial cell type which also expresses high levels of basolateral Na + /K + -ATPase. Channels such as the epithelial sodium channel (ENaC) and the outwardly rectifying chloride channel (ORCC), which may in part be regulated by CFTR (see section below), are other important candidates that may determine the overall function of any one particular CFTR-expressing cell type.
In addition to airway cell types which express CFTR as an apical membrane chloride channel, studies evaluating CF primary defects in mucous processing have indirectly suggested that CFTR may also function within mucous-secreting cell types. Such studies have identified CF-associated biochemical alterations in secreted glycoproteins, including increased sulfation and fucosylation together with decreased sialylation. [30] [31] [32] [33] [34] [35] [36] [37] However, the potential for secondary effects of bacterial infection in these studies has caused considerable debate in this area, 38 as indicated by a report which shows no abnormalities in the biochemical properties of CF mucus. 39 Recently, the use of a human bronchial xenograft model of CF and non-CF airways has allowed for the comparison of mucin biochemical properties in the absence of bacterial infection and goblet cell hyperplasia. These studies have confirmed the existence of increased sulfation in CF airway mucin as compared with non-CF mucin. 33 Furthermore, definitive studies have demonstrated that correction of sulfation defects in CF bronchial xenografts can be accomplished with both liposome and recombinant adenoviral mediated gene transfer of the CFTR cDNA. 34 Such studies have conclusively demonstrated that CFTR functions within glycoprotein processing pathways of airway goblet cells. The paradox regarding undetectable levels of CFTR gene expression in airway goblet cells 24 ( Figure 1 , despite CF functional defects in mucous processing (ie sulfation and sialylation), suggests that the level of CFTR protein needed to achieve proper glycoprotein processing may be quite low.
In summary, CFTR expression in the airway is highly regulated. This regulation is evident in the cell type specific partitioning of CFTR expression as well as the level at which CFTR protein is expressed. This cellular heterogeneity of CFTR expression in the airway is summarized in Figure 2 . Five main cell types within the airway are shown, including basal, intermediate, goblet, ciliated, and non-ciliated columnar cells (Figure 2a) . The level and cellular location of CFTR expression, as suggested by functional and histologic data, is schematically represented in Figure 2b . Such a uniquely regulated distribution of CFTR expression in the airway highlights the potential complexities associated with gene targeting to the CF lung and poses several interesting questions. How do different cell types in the airway, which express CFTR at various levels, control the volume and ionic composition of airway surface fluid? Is the level of CFTR expression linked to cellular compartmentalized function? What is the pathophysiologic involvement of each of these CFTR-expressing cellular compartments in CF airways disease? Such questions are extremely relevant in designing strategies to correct the CF phenotype by gene targeting. For example, will gene targeting require regulated CFTR expression, which reconstitutes the endogenous patterns, to restore all CFTR functions in the airway? To fully appreciate these implications for gene therapy, one must first understand what functional roles CFTR may have in the airway and how these functions relate to disease. Immunofluorescent staining for CFTR in Panel A demonstrates high levels of CFTR protein expression in a subset of submucosal gland duct cells (arrows). 24 Nomarski and FITC fluorescent photomicrographs are shown in the top and bottom of Panel A, respectively. By analogy to amphibian skin mitochondrial rich (MR) cells, the electron photomicrograph of a submucosal gland duct shown in Panel B points to a morphologically similar cellular phenotype which may be the site of CFTR expression in this region. In the airway, a similar heterogeneous staining pattern of CFTR expression is observed in a subset of surface airway epithelial cells (Panel C). Photomicrographs in Panel C depict Nomarski (left), anti-CFTR (FITC, center), and anti-Na + /K + -ATPase (Texas Red, right) staining patterns. The composite of channels found in CFTR-expressing cells may play an important role in the cellular partitioning of epithelial functions involved in the regulation of fluid and electrolyte movement across the airway. In support of this hypothesis, Panel C demonstrates a higher level of basolaterally expressed Na + /K + -ATPase within cell types which express high levels of CFTR. Another important feature of CFTR expression and function in the airway is that CFTR protein is undetectable in goblet cells (marked G). As discussed in the body of this manuscript, this finding contradicts studies which suggest that CFTR dysfunction in goblet cells leads to intracellular glycoprotein processing defects in secreted CF mucin. These studies have suggested that very small levels of CFTR (beyond the level of sensitivity of immunocytochemical assays) may be needed for correct glycoprotein processing. Such findings underscore the diversity of CFTR functions in the airway which may in part be regulated at the level of CFTR expression.
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CFTR is an Apical Membrane Chloride Channel and Regulator of other Channels
CFTR is a membrane protein that functions as a cAMP activated, chloride selective ion channel. 40, 41 Mutations in CFTR associated with severe lung disease, such as ∆F508 or G551D, reduce or abolish cAMP-activated chloride permeability by at least two mechanisms: reduced delivery of the protein to the apical membrane, and/or impaired activation of Cl -conductance. 42, 43 Electrolyte transport defects in the CF airway epithelium have been extensively characterized in CF nasal epithelia, both in vitro and in vivo. [44] [45] [46] Such studies have demonstrated that, in addition to a defective cAMP inducible chloride secretory response, CF nasal epithelia have increased levels of amiloride-sensitive Figure 2 Model for cellular compartmentalization of CFTR expression and function in the airway. The level of CFTR expression in the airway is highly regulated within different cell types. Panel A schematically depicts the five most abundant cell types in the proximal surface airway epithelium (ciliated, basal, goblet, non-ciliated columnar, and intermediate cells). Classification of these various cell types has been traditionally based on the following morphologic criteria: ciliated cell -the presence of apical cilia; basal cellcuboidal appearing cell of high nuclear to cytoplasmic ratio with nuclei in the lowest layer of epithelium, direct contact with the basal lamina and no luminal contact; goblet cellsthe presence of mucous granules; non-ciliated columnar cells -the absence of cilia and secretory granules but with an apical boundary at the luminal surface; and intermediate cells -cells adjacent to the basal lamina with cytoplasm extending upward into the epithelium but not contacting the luminal surface. The level of CFTR in these cell types can be inferred from several experimental studies which have evaluated CFTR expression at the protein, mRNA, and functional level. CFTR expression in ciliated cells is extremely low and can be detected at the electrophysiologic level of chloride conductance 28, 29 but not by immunocytochemical studies localizing protein. 24 In contrast, a subpopulation of non-ciliated cells (marked in green) expresses extremely high levels of CFTR protein and mRNA. 24, 27 Low levels of CFTR expression in goblet cells is inferred by the CF associated phenotype of increased sulfation, decreased sialylation, and increased fucosylation in secreted mucin. [31] [32] [33] 35 However, protein and mRNA cannot be detected in goblet cells using standard histologic procedures of immunocytochemistry and in situ hybridization. 24 Panel B summarizes the cellular heterogeneity of CFTR expression levels in the proximal surface airway epithelium. The abundance of CFTR channels is denoted by the frequency of yellow dots. Note the placement of CFTR channels within the Golgi compartment of goblet cells as compared to the apical membrane of ciliated and nonciliated columnar cells. Although it is not noted in this Figure, CFTR is also likely to be expressed within intracellular compartments of other cell types in the airway as suggested by biochemical alterations in surface glycoproteins of CF epithelia. Panel C proposes a model for cellular partitioning of CFTR functions involved in regulating fluid and electrolyte transport in the airway. This model is based on the well studied mechanisms of cellular partitioning of chloride and sodium transport functions in amphibian skin. Of interest is the cellular expression pattern of other channels important in salt movement across the airway such as ENaC (marked by blue circles). Since the activity of ENaC has been shown to be functionally regulated by CFTR, the cellular partitioning of these two channels is important from a mechanistic and gene therapy standpoint. This model proposes that ENaC is co-expressed with low levels of CFTR in ciliated cells and that these cell types function to absorb salt and water in the maintenance of surface airway fluid and electrolyte balance. Such a hypothesis is consistent with the ubiquitous expression of ENaC mRNA in the majority of surface airway epithelial cells 106, 107 and the functional detection of CFTR in ciliated cells using intracellular microelectrodes and freshly excised nasal tissue. 28, 29 In contrast, non-ciliated columnar cells which express extremely high levels of CFTR are proposed to have a different function than ciliated cells in the maintenance of airway surface fluid and electrolyte composition. This cell type is modeled after the mitochondrial rich cell of amphibian skin. Such a cell type in the airway may serve to secrete chloride (and/or bicarbonate) in the fine tuning of surface airway electrolyte composition and/or pH. Given the infrequent nature of this cell type in the airway, it is not proposed as a significant source of fluid transport in the airway. Such a model proposes that hydration of the airways must occur through alternative sources such as submucosal glands.
Gene therapy of CF lung disease Q Jiang and JF EngelhardtNa + conductance. This CF associated sodium hyperabsorption has also been confirmed in nasal epithelia of CFTR deficient mice. 47 With the recent cloning of the rat epithelial amiloride sensitive Na + channel (rENaC), pivotal experiments by Boucher and colleagues 48 have demonstrated that functional CFTR inhibits Na + absorption through this amiloride sensitive pathway. Other reports have since confirmed these findings and suggested that CFTR probably interacts with ENaC through either indirect or direct mechanisms. 49, 50 Such evidence suggests that in addition to serving as an apical membrane chloride channel, CFTR may play a broader role in regulating electrolyte transport in the airway through interactions with sodium channels. Additionally, evidence from intact bronchial CF and non-CF xenograft airways suggests that CFTR may also regulate non-amiloride sensitive Na + channels. 51 Together, these findings which suggest that CFTR regulates Na + conductance pathways have implications for the mechanisms by which CFTR facilitates fluid and electrolyte transport in the airways.
An additional function of CFTR is its ability to facilitate ATP transport in the regulation of the outwardly rectifying chloride channel (ORCC). 52 Previous studies have correlated the extent of CFTR facilitated ATP transport with the activation of ORCC mediated chloride conductances, using in vitro reconstitution of CFTR in a CF airway epithelial cell line. 53 Mutational analysis of CFTR, which demonstrated that the CFTR mutant G551D is defective in ATP facilitated transport, has suggested that this function is at least in part contained within the first nucleotide binding fold of CFTR. The activation of ORCC is thought to occur through ATP binding to P 2 U receptors and subsequent intracellular signaling through PKC pathways. Although this regulatory function of CFTR is currently highly debated, 54 several additional laboratories have also noted that CFTR can facilitate ATP transport in a number of cell lines. [55] [56] [57] The added complexity of CFTR as a regulator of ATP transport in the airway has tremendous implications on potential mechanisms of interaction with other channels important in fluid and electrolyte balance.
CFTR as an Intracellular Chloride Channel
In addition to serving as an apical membrane chloride channel important in mediated electrolyte transport, CFTR has also been suggested to exist as an intracellular chloride channel within endosomal compartments. CFTR in this region has been proposed to facilitate endosomal acidification by acting as a counter ion pathway for acidification by an ATP-driven proton pump. [58] [59] [60] In CF epithelial cells this defect is proposed to cause a shift in the intravesicular pH of Golgi compartments, which in turn decreases the activity of modifying enzymes such as sialyltransferase. [58] [59] [60] Such alterations in the activities of glycoprotein modifying enzymes are thought to be the basis of CF associated biochemical defects found in secreted and membranebound glycoproteins, including alterations in sulfation, sialylation, and glycosylation. 37, 61, 62 An alternative hypothesis has recently been proposed by which CFTR functions as a transporter of the sulfate donor adenosine 3'-phosphate 5'-phosphosulfate (PAPS) in Golgi compartments. 57 This mechanism attempts to explain that the increased sulfation of glycoproteins arises from an increase in the concentration of intravesicular sulfate donors. Previous studies have evaluated the extent of sialylation and sulfation in purified secreted mucin from CF patients, 30 ,31 primary tissue explants, 35, 36 and human bronchial xenografts. 33, 34 These studies have demonstrated an increase in the extent of sulfation and a decrease in the level of sialylation within large molecular weight purified mucin samples from CF as compared to non-CF. Additional evidence supporting the hypothesis that CFTR functions within endosomal membranes stems from studies of endosomal recycling. Such studies have provided evidence that CFTR also plays an important role in regulating exocytosis and endocytosis of subapical vesicular compartments. [63] [64] [65] These findings directly implicate activation of CFTR with increased exocytosis and decreased endocytosis at the apical membrane. In summary, substantial evidence supports the notion that CFTR has important intracellular functions in epithelial cells.
CFTR as a Receptor for P. Aeruginosa in Airway Epithelial Cells
Recent evidence has suggested that CFTR may also play a role in bacterial clearance from the airway by acting as a receptor for P. aeruginosa in airway epithelial cells. 66, 67 Findings from Pier and colleagues suggest that functional CFTR within the apical membrane of epithelial cells specifically binds and internalizes P. aeruginosa. Complementation studies using a transformed CF airway epithelial cell line (CFT1) have demonstrated that reconstitution of CFTR function using recombinant retroviruses leads to a substantial increase in the ability of this cell line to internalize bacteria, as compared to the parental (∆F508 homozygous) or a control cell line infected with ∆F508 containing retrovirus. Molecular dissection of this phenomenon has suggested that the first extracellular loop of CFTR may act as a receptor for P. aeruginosa; since bacterial binding is blocked by antibodies to the first, but not the fourth, extracellular domain of CFTR. 68 These results, which define P. aeruginosa binding to the first extracellular domain of CFTR, implicate bacterial ingestion by airway epithelial cells as a mechanism of bacterial clearance from the airways.
Pathophysiologic Mechanisms of CF Airway Disease
As discussed in the previous section, CFTR has been implicated in numerous functions of airway epithelial cells. The most widely studied primary defects associated with CFTR dysfunction have been summarized in Figure 3 . These primary defects have in turn been classified into four general categories of pathogenesis
Figure 3 Pathophysiologic mechanisms of bacterial colonization in CF.
Pathophysiologic mechanisms of CF bacterial colonization in the airway have been classified into four general categories including: 1) enhanced growth microenvironment for bacteria at the airway surface, 2) dysregulation of fluid balance in the airway, 3) direct interaction of bacteria with epithelial cells, and 4) altered secretions. Each of these categories has several listed primary defects which have been associated with CFTR dysfunction. Enhanced growth microenvironment: Mechanisms of enhance bacterial growth microenvironment include alterations in surface airway fluid salt concentrations which may lead to a decreased activity of antibacterial substances. 75, 76 Additionally, CFTR-facilitated ATP transport may act to regulate other channels important in homeostasis of surface airway fluid salt concentrations 53 and/or may effect bacterial colonization directly by as yet undefined mechanisms. Effects of bacterial binding to surface airway epithelial cells which lead to dysregulation of proinflammatory cytokine production also fall into this category. Fluid imbalance: Defective CFTR function leading to dysregulation of ENaC results in sodium hyperabsorption in the airway. 48 This defect may be the cause of increased fluid absorption seen in CF as compared to non-CF airways. 51, 72, 74 Although the exact mechanism of increased fluid absorption seen in CF airways is debated, such defects have been proposed to lead to dehydrated mucus and impaired mucociliary clearance of bacteria in the airway. Direct interaction with epithelial cells: Two additional mechanisms of bacterial colonization in the airway propose the direct interaction of bacteria with surface epithelial cells. One such mechanism includes enhanced binding of bacteria to biochemically altered surface glycoproteins 78, 79, [81] [82] [83] as a result of intracellular defects in glycoprotein processing compartmentes of CF cells. [58] [59] [60] A second mechanism proposes that CFTR itself may serve as a receptor for P. aeruginosa and play a role in bacterial clearance from the airway. This mechanism of bacterial clearance has been suggested to be defective in CF. [66] [67] [68] Altered secretions: Secretory proteins in the airway predominantly come from two sources, goblet cells within the surface airway epithelium and submucosal glands. Defects in the biochemical properties of secreted mucin have been demonstrated in CF [30] [31] [32] [33] [34] [35] and likely occur as a result of defective intracellular functions of CFTR in glycoprotein processing compartments. [58] [59] [60] These defects may lead to altered properties of bacterial binding and colonization which enhance the susceptibility of CF airways to infection. 79, 80 Submucosal glands which express high levels of CFTR and secrete a number of antibacterial proteins may also play an important role in protection of the airways. Defective CFTR in this region has been proposed to decrease secretions from submucosal glands due to impaired salt and fluid transport by serous cells.
including: 1) enhanced growth microenvironment for bacteria, 2) fluid imbalance, 3) direct interactions with epithelial cells, and 4) altered secretions. Each of these categories of primary defects proposes unique pathophysiologic mechanisms with different implications in the design of gene therapy strategies to correct bacterial colonization defects in CF. This section will attempt to outline the current understanding of these mechanisms of CFTR dysfunction and the implications for CF airways pathogenesis. Of importance is the determination of which CFTR associated functional phenomena are most relevant from a pathophysiologic standpoint. Such a foundation will be necessary to interpret the limitations and concerns associated with strategies to correct these defects by gene targeting.
Altered Fluid Balance and Decreased Bacterial Clearance (Na Hyperabsorption Model)
The etiology of CF airway disease has been traditionally viewed to center around dehydrated mucus and poor mucociliary clearance. The present understanding of CF airways pathogenesis has suggested that decreased airway surface liquid may in part, but not completely, explain observations seen in CF-associated lung disease. [69] [70] [71] The most widely associated defect thought to be responsible for dehydration of the airways in CF is Na hyperabsorption. As discussed above, defective regulation of ENaC by CFTR is thought to be the underlying mechanism for this phenomenon. Several laboratories have investigated the rate of fluid transport in models of polarized CF and non-CF airway epithelia. In these studies, correlation of electrolyte and fluid transport using in vitro polarized nasal monolayers supported the notion that absorptive Na + conductance is a primary driving force of fluid absorption in airway epithelium, while stimulation of Cl -secretion drives fluid secretion. 72-74 Additionally, in vivo studies using a human bronchial xenograft model have demonstrated a fourfold higher rate of fluid absorption in CF as compared to non-CF airways under basal conditions. 51 Together these in vitro and in vivo findings suggest a mechanism by which increased fluid absorption in CF airway epithelia leads to dehydration of mucus and impaired mucociliary clearance. Such an impaired clearance is hypothesized to lead to an increased bacterial burden in the lungs of CF patients. Of importance is a better understanding of the mechanism(s) by which polarized airway epithelia regulate the composition and volume of surface airway fluid. These mechanisms are currently a source of wide debate in the field. For example, based on findings which suggest that CF surface airway fluid is hypertonic in comparison to non-CF, one would predict that the airway may be relatively impermeable to Cl -as a result of CFTR dysfunction. These findings are inconsistent with the notion that CF airways actively hyperabsorb Na and passively absorb Cl -(through pericellular pathways) in the movement of salt and water out of the airways. Such discrepancies highlight the present lack of knowledge concerning mechanisms of salt and fluid transport in the airways.
Decreased Bactericidal Activity of CF Surface Airway Fluid
Although the exact mechanism(s) by which airways regulate fluid and electrolyte balance at their surface is unknown, recent studies demonstrating reduced bactericidal activity of CF airway secretions have suggested that alterations in the NaCl concentration of CF surface airway liquid may create a favorable milieu for bacterial colonization. 75 Such studies have correlated increases in CF airway liquid salt concentration with decreased bacterial killing activity of surface airway fluid. These findings have led to an emphasis of study in the field focused on characterizing the properties of antibacterial substances in the airway. To this end, the gene encoding the human antibacterial peptide, -defensin, has been cloned and demonstrated to be expressed at high levels in surface airway and submucosal gland epithelia by in situ hybridization. 76, 77 Furthermore, the synthesized -defensin peptide demonstrates a salt-sensitive bacterial killing activity. 76 Functionally, this gene has been implicated in antibacterial properties of surface airway fluid, as demonstrated by the ability of antisense oligonucleotides to decrease both the level of gene expression and the bactericidal activity of the surface airway fluid. 76 
Increased Bacterial Binding to Biochemically Altered Glycoproteins in CF Airways
Numerous laboratories have suggested that alteration in CF glycoprotein processing may lead to increased bacterial adhesion to airway epithelial cells. To this end, defects leading to increases in the abundance of asialo-GM1 in surface glycoproteins have been demonstrated to increase the binding of P. aeruginosa by 3-4 fold in CF airway epithelial cells. [78] [79] [80] [81] [82] [83] However, since differences in binding are small, the relevance of these findings to disease pathogenesis in CF remains to be proven. Researchers have speculated that such small differences in bacterial binding may be important in signaling CF airway epithelia to produce pro-inflammatory cytokines such as IL-8, which might catalyze an inflammatory cascade promoting the production of yet more pro-inflammatory cytokines in the airway. 84 This dysregulation of anti-and pro-inflammatory cytokines may in part play a role in the altered immune responses seen in CF. 85, 86 Furthermore, analyses of bronchioalveolar lavages from CF infants have suggested that dysregulation of pro-inflammatory cytokines may occur very early in the onset of airways disease. 87, 88 Under these conditions it is plausible that small increases in bacterial binding could be an inciting event which triggers recurrent infections through pro-inflammatory signals. The contribution of altered properties of secreted mucin to bacterial pathogenesis in CF airways is less understood. However, bacterial binding to secreted airway mucin has been observed 80 and may provide an altered milieu which is conducive to colonization in CF. Furthermore, changes associated with the mucoid conversion of Pseudomonas suggest that interactive signals from the airway environment (perhaps from mucins) may promote transcriptional changes in the bacterial genome necessary for persistence.
Decreased Bacterial Clearance due to Defective CFTR-Mediated Bacterial Uptake
Perhaps the most widely debated yet intriguing phenomena proposed as a mechanism of CF airways pathogenesis, are the findings which suggest that CFTR acts as a receptor for bacterial uptake and clearance by airway epithelial cells. Studies have associated mutant CFTR (∆508F) with decreased bacterial uptake using in vitro model systems. 67, 68 Since binding appears to be specific for Pseudomonas, such findings may explain the unique hypersusceptibility of CF lungs to bacterial infection with this strain of bacteria. However, the magnitude to which this phenomenon contributes to the protection of lungs in humans is unclear. Nonetheless, defective low level clearance of bacteria by CFTR could play a critical role in initiating the cascade of infection during early events of colonization in CF.
Submucosal Gland Involvement in Maintaining Antibacterial Properties of the Airway
Submucosal glands are a predominant site of CFTR expression in the proximal airway. 24, 26, 89, 90 This finding has led to interest in determining whether submucosal glands contribute to the pathoprogression of CF airway disease. Several experimental observations have suggested that submucosal glands may be adversely affected in CF. First, abnormalities of submucosal gland duct swelling have been noted in post-mortem tissues from fetal and newborn CF patients. 91 These data have suggested that submucosal gland function may be affected very early, before the onset of apparent disease. Second, submucosal glands suffer from severe hypertrophy in CF patients with chronic airways disease. Unlike the findings of gland duct swelling in fetal airways, gland hypertrophy in late stage airways disease is likely to be secondary to chronic bacterial infection. Nonetheless, morphologic evidence for submucosal gland abnormalities exists both early and later during CF pulmonary diseases. Additionally, the abundance of CFTR-expressing cell types in gland ducts appears to be altered in cystic fibrosis; the frequency of this cell type increases as much as 40 fold within submucosal glands of CF bronchial tissue. 24 Such effects support the notion that CFTR in this region is important for submucosal gland function. Serous cells, which also express high levels of CFTR in submucosal glands, are responsible for secreting a mixture of antibacterial proteins (ie lysozyme, lactoferrin, and phosphatases) which may be important in the protection of the airway from diseases. 93, 94 Hence, given the fact that submucosal glands express abundant CFTR protein and these regions also secrete antibacterial proteins, a hypothesis has emerged that defective CFTR in serous cells may lead to hindered fluid secretion from glands and hence decreased antibacterial secretions at the airway surface. The importance of this region in regulating airway fluid and electrolyte composition in the airways should also be underscored. Given the recent evidence that altered airway salt concentrations in CF may lead to a decreased bactericidal activity of airway secretions, a renewed interest in the mechanisms by which submucosal glands contribute to the regulation of airway salt concentrations has also emerged.
Models of Cellular Compartmentalized Na
+ and Cl -
Transport in Electrically-Tight Epithelia
Both Na + and Cl -transport abnormalities are at the foundation of primary CF defects associated with Gene therapy of CF lung disease Q Jiang and JF Engelhardt 20 dysregulated surface airway fluid volume and electrolyte composition. To rationally develop therapeutic strategies directed at correction of these defects, a firm understanding of the mechanisms which control airway fluid and electrolyte movement is imperative. As discussed above, the heterogeneous patterns of CFTR expression in the airway suggest that these mechanisms may include a complex interplay of multiple cellular compartments which regulate CFTR-mediated Cl -secretion and absorption. Additionally, since CFTR has been demonstrated to regulate a number of other apical membrane channels involved in both Na + and Cl -transport, an added level of complexity includes the distribution of these CFTR-regulated channels in the various cellular compartments which control ion flow. Comparisons to other electrically tight epithelial model systems have provided useful information on which to build hypotheses regarding mechanisms of electrolyte and fluid transport in the airways.
Amphibian epidermis is one such model system which draws striking similarity to the airway with regard to cellular compartmentalization of Na + and Cl -transport. 95 In frog skin, mitochondrial rich cells composing approximately 1% of the cells in this epithelial layer account for the entire chloride conductance and bicarbonate/acid secretion. Interestingly, the route of transepithelial chloride fluxes in the amphibian skin through mitochondrial rich cells also appears to be controlled by a 3'-5' cyclic monophosphate (cAMP)-dependent pathway. 95, 96 The relevance of these findings to CFTR function in amphibian mitochondrial rich cells is presently unclear. However, immunocytochemical localization studies in amphibian epidermis using human anti-CFTR antibodies has demonstrated high level apical CFTR protein expression in a cell type of similar abundance and location to that of mitochondrial rich cells (Figure 4) . The intense electrophysiologic characterization of this amphibian epidermal model has conclusively demonstrated that Cl -and Na + conductance pathways are through distinct cellular populations (Na + absorption through the majority of epidermal cells and Cl -absorption through the subset of mitochondrial rich cells). The similarities between amphibian epidermal, surface airway, and submucosal glandular epithelia with respect to highly regulated CFTR expression is intriguing and suggests that similar mechanisms of regulating ion conductances may exist between these model systems. Such a hypothesis for cell-type specific regulation of Na + and Cl -conductance in bovine tracheal epithelium has been previously suggested 97, 98 and is highlighted in Figure 2c . If this hypothesis is true, gene targeting to correct Gene therapy of CF lung disease Q Jiang and JF Engelhardtchloride secretory defects may encompass different cell types than those necessary to achieve correction of Na + absorption defects.
Challenges for Gene Therapy of CF Lung Disease
The heterogeneity of CFTR expression and function in the lung has posed several significant obstacles to the design of gene therapy strategies for CF airways disease. To this end, several pertinent questions have emerged: 1) Will targeting to surface airway epithelium be sufficient or will gene transfer to submucosal glands also be required? 2) Since CFTR is expressed at widely different levels in functionally distinct cellular populations in the airway, will regulated gene expression be necessary to restore endogenous functions of CFTR? and 3) Of the numerous cellular targets which express CFTR, which are pathophysiologically most relevant from the standpoint of correcting chronic bacterial infection?
Submucosal Glands vs. Surface Airway Epithelium
The question as to whether submucosal glands are important targets in CF airway disease will probably need to await the development of appropriate animal models to test this hypothesis. CFTR-deficient mouse models have proven useful in studies of nasal epithelia and in fact may represent the only in vivo model at present by which to evaluate CFTR dependent nasal submucosal gland function in protection of the airways. However, unlike humans, glands are not located throughout the cartilaginous airways of mice and hence they are inadequate models for addressing whole lung CF pathophysiology as it pertains to gland function. The potential development of alternative animal models such as the ferret, for which gland structure and abundance in the lung is similar to that of humans, may in time fill this void. 99 If submucosal glands are important targets for gene therapy of CF, several gene delivery methods have been proposed to target this region which is inaccessible from the airway. One such delivery system has utilized the polymeric IgA receptor to target DNA/protein complexes through the blood to glandular cells. 100, 101 Since polymeric IgA is transcytosed across the basement membrane of epithelial cells in the lung, this methodology poses several theoretical advantages for gene targeting to airway glands in the adult lung. A second approach has proposed to utilize gene targeting to gland stem cell in the fetal surface airway epithelium prior to gland development. This approach has proven successful in newborn ferret 102 and regenerating human 103 airway xenograft models using recombinant retroviruses. Since gene targeting occurs prior to subsequent expansion of progenitor cells in the formation of glands, retroviruses are attractive vehicles since they integrate their transgenes. However, due to limitations in titer of retroviral stocks, applications for in vivo delivery in humans may require the use of an alternative vehicle such as recombinant adeno-associated virus which can be generated at much higher titers and also has the capacity for integration.
Functionally Distinct CFTR-Expressing Cellular Compartments in the Surface Airway Epithelium
The concept of functionally diverse CFTR-expressing cellular population in the airway is now only beginning to be appreciated. Unfortunately, in the field of CF, the literature is plagued with the concept that CFTR functions uniformly within all airway epithelial cell types. In part, this shortcoming may be the cause of debate in some areas with regard to model system dependency of CFTR-associated functions. This has led to a re-evaluation of what model systems are adequate for assessing CFTR function and complementation. Model systems utilizing genetically defined human CF and non-CF polarized primary cells in culture or in xenografts may prove to be the best models at present. Nonetheless, several hypotheses can be generated with respect to the diversity of CFTR expression in the airway and potential compartmentalization of CFTR functions, which pose significant challenges to the treatment of this disease by gene targeting approaches. For example, the recent identification of CFTR regulatory effects on ENaC 48 has suggested that co-expression of these two channels in certain cell types may be critical in the control of airway fluid composition. Since sodium absorption is thought to be the driving force for fluid reabsorption in the airway, 104, 105 cell types expressing both CFTR and ENaC may be critical targets in CF gene therapy. Such a hypothesis demonstrating low levels of CFTR expression in ciliated cells which express ENaC is schematically drawn in Figure 2c . Evidence for ubiquitous expression of ENaC subunits has demonstrated that this channel is abundantly expressed in the airway superficial and glandular epithelium and implicated expression in ciliated cells. 106, 107 Although immunocytochemical Gene therapy of CF lung disease Q Jiang and JF Engelhardt 22 localization studies have not yet been performed in the lung, other electrolyte transporting epithelial tissues such as the colon and sweat duct demonstrate uniform protein expression in superficial epithelium. 108, 109 These studies substantiate the hypothesis that ENaC is an abundantly expressed channel in absorptive and secretory epithelia. From a gene therapy standpoint, the low level of CFTR expression in ciliated cells of the airway may be important in coordinating interactions with ENaC in the regulation of fluid balance.
A second cell type of interest in the airway is a nonciliated cell which expresses extremely high levels of CFTR and is found only infrequently (1-3%) in the surface airway and submucosal gland ducts. 24 One can speculate that this non-ciliated, CFTR-expressing columnar cell type might serve an alternative function to CFTR-expressing ciliated cells, since the level of CFTR is much higher. Furthermore, given the infrequent nature of this cell type and the present lack of immunocytochemical co-localization data, it is unknown whether ENaC is expressed in this population of cells which highly expresses CFTR. The model proposed in Figure 2c suggests that this cell type may be similar to the mitochondrial rich 'flask-like' cell found in amphibian skin, which is responsible for all chloride transport in this cellular heterogeneous epidermal layer. This model suggests that CFTR may act as a 'cellular faucet' to transport high levels of chloride (and/or perhaps HCO 3 ) across the epithelium. Such a cell type may play an important role in fine tuning the concentration of salt and fluid in the airway. The function of this particular cell type in airway fluid and electrolyte homeostasis is extremely important from a gene therapy standpoint. For example, in the absence of cell-specific targeting, current gene transfer protocols would probably need to transduce all airway epithelial cells to target CFTR transgene to this infrequent population of cells. The central underlying question in this regard is whether gene targeting to this cell type will be necessary to correct the CF abnormalities in fluid and electrolyte transport.
A third cellular population, goblet cells, which appears to express CFTR at very low levels by functional criteria evaluating glycoprotein processing defects in CF, also presents challenges from the standpoint of gene targeting. One questions whether the level of CFTR expression in these cell types may also need to be properly regulated to achieve normal glycoprotein modification in Golgi compartments. Furthermore, if defects in glycoprotein modification are pathophysiologically significant, the abundance of goblet cells would also require substantially higher transfection efficiencies to achieve complementation with non-targeted vectors.
Distinct Primary Defects in CF Airway Epithelia have Unique and Diverse Complementation Profiles
Several lines of evidence studying the complementation profile of CF associated transport defects in polarized epithelia and human bronchial xenografts have shed light on the above obstacles for gene therapy. Evidence by Boucher and colleagues have demonstrated that only 5-10% gene transfer, using CFTR recombinant retrovirus, is necessary to achieve complete correction of transepithelial chloride secretory defects in CF epithelial monolayers 110 ( Figure 5a ). These investigators hypothesize that airway epithelial cells within polarized monolayers are electrically linked through gap junctions which can cooperatively pass chloride across the epithelium (Figure 5b ). These findings have been confirmed in other model systems such as the human bronchial xenograft utilizing recombinant adenovirus for complementation. 111 Such studies which have overexpressed wtCFTR in a subpopulation of CF cells, partially resembles the pattern of CFTR expression in the normal airway. The fact that chloride secretion can be fully corrected at this level of transgene expression supports the notion that the infrequent non-ciliated columnar cell expressing high levels of CFTR in the endogenous airway may act as a 'chloride faucet' in the control of airway Cl -permeability (Figure 2c) . Furthermore, this model argues that the level of CFTR expression alone (and not the composite of other channels in this cell type) may dictate cellular involvement in functions of transepithelial chloride secretion.
In contrast, CF defects in Na + hyperabsorption have required higher levels of CFTR gene transfer to correct the dysregulation of ENaC, 111, 112 since all cell types which express ENaC must be targeted to achieve complete correction (Figure 5a and 5b) . Furthermore, the high percentage of gene transfer necessary to achieve functional correction of Na + hyperabsorption defects in CF epithelia, together with the fact that ENaC mRNA is expressed in virtually all or most cell types in the airway, suggest that ciliated cells are, at least in part, targets for correction of this defect. Such findings also support a hypothesis of compartmentalized CFTR functions as presented in Figure 2c . In summary, studies utilizing recombinant adenoviral and retroviral mediated gene transfer to CF epithelia support the notion that primary defects in Cl -secretion and Na + hyperabsorption have drastically different complementation profiles.
Similarly, studies evaluating complementation of mucous sulfation defects in human CF bronchial xenografts have demonstrated that gene targeting with CFTR recombinant adenoviruses requires levels of gene transfer approaching 100% of airway cells to reverse sulfation defects 34 ( Figure 5a ). This is contrasted to the 5-10% infection needed with this same vector to complement chloride secretory defects as measured by transepithelial potential difference. 34, 111 However, in these studies, complementation of mucous sulfation defects could be achieved with less efficient vectors such as CFTR cDNA/liposome complexes which are capable of delivering low levels of transgene expression to a larger target population of cells. While liposome gene transfer was efficient in correcting mucous sulfation defects, it did not efficiently correct chloride transport defects. These vector-specific complementation profiles underscore the need for understanding both the mechanism of vector-mediated gene transfer and expression, as well as the molecular basis of the functional defects being used to assess complementation. For example, to achieve complete complementation of mucous sulfation defects, gene targeting must be achieved in all goblet cells (Figure 5a and 5b). However, only a small amount of functional CFTR in the Golgi compartment of goblet cells (similar to that seen endogenously) appears to be necessary to regulate intravesicular pH and achieve proper glycoprotein processing following liposome mediated CFTR gene transfer. In contrast, with a single infection of recombinant adenovirus, which delivers a high level of transgene expression to a minority of cells (less than 10%) in the airway, correction of chloride secretory defects could be achieved in the absence of complementation for mucous sulfation defects. 34, 111 Differences in the complementation profile of these two vectors in correcting Cl -permeability and mucous sulfation defects mirror the ability of recombinant adenovirus and liposomes to reconstitute only certain features of the endogenous distribution and abundance of CFTR protein expression. Such findings highlight the diversity of cellular targets for gene therapy of CF and the different requirements for correction based on the amount of CFTR protein necessary to achieve normal function.
Figure 5 Diversity of complementation profiles for gene therapy of primary defects in CF airway epithelia.
The cellular targets for complementation of five CF associated primary defects are given in Panel A. The total percentage of gene transfer to these cellular targets needed for full correction of these primary defects is noted in the right margin. For example, to completely reverse intracellular glycoprotein processing defects in CF secreted mucin, it will be necessary to target 100% of goblet cells. In Panel B, the complementation profile of four distinct primary defects are schematically depicted for 1) Cl -transport, 2) Na + hyperabsorption, 3) glycoprotein processing defects in secreted mucin, and 4) surface glycoprotein defects which promote bacterial binding. Complementation of Cl -secretory defects requires as little as 5-10% correction due to intercellular communication through gap junctions. 110 In contrast, correction of Na + hyperabsorption defects requires targeting of those cell types which co-express ENaC and CFTR (likely to include ciliated cells). The level of gene transfer needed to correct defects of Na + hyperabsorption is significantly greater than that for Cl -secretion. 111 Complementation of biochemical defects in secreted mucin requires targeting of goblet cells to correct intracellular functions of CFTR. In the absence of vectors which have the ability to specifically target goblet cells, the percentage of gene transfer necessary to completely correct abnormalities in secreted mucin likely approach 100% of the epithelium. 34 Similarly, complementation of surface glycoprotein defects which lead to decreased sialylation in CF will require targeting of all cell types which reach the lumenal face of the airway to correct abnormalities in bacterial binding.
Vectors for Gene Therapy to the Airway
Numerous vector systems have been used to target transgene expression to cells of the lung, including recombinant adenovirus, adeno-associated virus, retrovirus, and liposomes. [113] [114] [115] [116] [117] [118] Many of these vector systems have been evaluated in numerous animal models, including mice, [119] [120] [121] [122] [123] rats, [124] [125] [126] [127] [128] human bronchial xenografts. 34, 76, 102, 103, 111, 129 rabbits 130 and non-human primates. 127, [131] [132] [133] [134] [135] The largest obstacle in evaluating the ability of various gene transfer systems to reverse CF airway pathophysiology is the lack of an animal model reconstituting the pathoprogression of CF lung disease. Although genetically defined CFTR deficient mice have been useful for evaluating nasal epithlial defects in electrolyte transport, analogous studies evaluating lung pathophysiology have been disappointing due the differences in the cell biology between mouse and human lungs. The human bronchial xenograft model has been useful for evaluating specific cellular defects found in the CF airway, however, this model systems also lacks immune responses and whole lung physiology. Despite the lack of an intact animal model of the CF lung, studies of gene therapy to the lung have demonstrated considerable promise in the development of strategies by which to target airway epithelial cells.
Recombinant Adenovirus
Recombinant adenoviruses have been the most extensively studied vehicles for gene transfer to the lung. These vectors, which consist of a double stranded, linear 36 kb DNA genome, have the attractive advantage of high attainable titers together with their ability to infect non-dividing cells. 136 Despite initial successes of achieving high level gene transfer throughout the mouse 119, 120 and cotton rat airways, [124] [125] [126] [127] studies have suggested that these vectors may be less tropic for fully differentiated human airways 137 and require high doses of virus to achieve therapeutic levels of infection. 129 Recent advances in the biology of vector-epithelial cell interactions have suggested that the abundance of apical surface integrins (αV 5) may in part influence the efficiency of recombinant adenoviral gene transfer to human airways. 138, 139 Several studies have demonstrated much higher levels of adenoviral transduction following injury to human and mouse nasal airways, which may alter the expression patterns of these integrins. 137, 139, 140 A second limitation of current recombinant adenoviral vectors is limited persistence in immune competent animal models due to vector associated cellular and humoral immune responses. 119, 121, 126, 141 Such immunologic responses are the result of residual viral gene expression and proteins associated with viral particle inoculum. Despite the relatively inefficient infection of fully differentiated human proximal airways with recombinant adenovirus, the ability to use high viral titers for infections may circumvent this limitation, if associated toxicity and inflammation can be abrogated by increasing the safety of vector design. Numerous laboratories have focused efforts on altering the vector design of recombinant adenovirus by deleting or mutating viral genes responsible for cellular associated immunity in an effort to increase the achievable dose of vector administration in the absence of toxicity. 119, 120, 126, 141 Alternative strategies are aimed at altering the host immune responses to allow for higher levels of vector delivery with more prolonged persistence. Additionally, the recent cloning of the adenoviral receptor for Ad2/Ad5 may pave the way for enhancing the level of infection with this recombinant vector. 142 
Recombinant Adeno-associated Virus
Adeno-associated virus (AAV) is a single-stranded DNA parvovirus and represents an alternative vector for gene delivery to the airway. 118 Attractive features of this particular parvovirus include its ability to infect non-dividing cells and integrate into the host genome. In contrast to recombinant adenovirus, which persists as an episome, rAAV can persist as either an episome 135, 143 or as an integrated 144, 145 provirus. Wild type AAV also has the ability to integrate specifically within a defined site on chromosome 19. 146 Although recombinant AAV vectors loose their ability for site specific integration at this loci, research in this area may ultimately enhance the targeting of AAV to specific sites in the cellular genome. Some researchers have had success in using this virus for persistent gene delivery to the airways of rabbits and non-human primates. 130, 135, 147 However, it is generally accepted that the level of gene expression with AAV in the lung is much less efficient than in other organs such as muscle. 148, 149 Limitations of this vector for gene delivery to the airway appear to be centered around the target cell's ability to convert single stranded DNA AAV genomes to double stranded expressible DNA forms. 150 ,151 Viral uptake does not appear to be a limiting factor with this virus. Further investigation into the cellular factors which promote high level rAAV gene expression in organs such as muscle may ultimately enhance the use of this vector 
Recombinant Retrovirus
Retroviruses which fall into the classification of RNA viruses have attractive advantages as vectors due to their efficient integration. However, the application of these vectors in the airway is limited by the need for cell division to achieve transduction and low achievable titers with this vector. Despite these limitations, several groups have focused efforts on modifying the cell cycle with growth factors as a mechanism for increasing infection in the airways. 152 Alternatively, these vectors may prove useful in approaches of in utero gene therapy for CF, where the target cell population is much reduced and cells are normally actively dividing. The principles of in utero applications of these vectors have been tested in sheep 153 and xenograft 102, 103, 154 models.
Liposomes
Liposome mediated gene transfer to the airway has considerable advantages due to the low level of toxicity. However, limitations include transient low level expression in differentiated airway epithelia. 155 Despite this apparent limitation, several laboratories have had considerable success using cationic liposome-mediated gene transfer in several animal models including mouse and rat lung.
122,123
Protein/DNA Complexes
One particular attraction to the use of protein/DNA complexes as a gene transfer vehicle to the airway is the flexibility for cellular targeting. 156 These complexes, which are usually composed of a cationic polymer such as poly-lysine together with associated ligand molecules for targeting and uptake, have been successfully used in cell line models. Although their in vivo utility has yet to be proven, strategies such as the polymeric IgA receptor to target DNA/protein complexes through the blood to glandular cells appear to hold promise for targeting this difficult region in CF.
100,101
Summary
The elucidation of numerous CFTR functions in airway epithelia has had a tremendous impact on potential pathophysiologic mechanisms of CF airway disease. When this functional diversity is superimposed on the heterogeneity of CFTR-expressing cell types in the lung, the resulting picture of how CFTR dysfunction in the lung leads to bacterial infections becomes overwhelmingly complex. To this end, a clear understanding of the pathoprogression of CF lung disease will only emerge from a concrete mechanistic knowledge of how CFTR functions in the normal airway. As discussed in this review, mechanisms explaining how CFTR normally functions in airway physiology are likely to involve a dynamic interaction of several unique CFTRexpressing cellular compartments in the lung. The diversity of functionally distinct CFTR-expressing compartments in the lung has tremendous implications on gene therapy strategies aimed at correcting CF lung disease. Current strategies for CF gene therapy are based on the concept that reversal of disease pathophysiology will be achieved if the CFTR transgene is expressed at equal levels in all the cells in the airway. Given the apparent functional diversity of CFTRexpressing cellular targets, this strategy (that more is better) may be an over-simplification. The challenge for gene therapy of CF will be to determine what cellular targets in the airway contribute to the pathoprogression of CF lung disease and how the appropriate vectors can be used to target the required amount of CFTR protein to each of these cellular compartments. Despite these hurdles, gene therapy of cystic fibrosis has quickly become a paradigm for evaluating the safety and efficacy of gene transfer to the lung. To date, numerous phase I clinical trials have been undertaken in an attempt to evaluate initial toxicity and efficacy of gene transfer using vehicles such as liposomes, recombinant adenovirus, and adeno-associated virus. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] The success of these clinical trials for CF will largely be based on surrogate endpoints for evaluating the extent of functional complementation of primary CF defects. 157 Many of these clinical trials have incorporated measures of functional complementation using the surrogate marker of transepithelial potential difference to assess correction of chloride transport defects. However, the relevance of this endpoint as a measure of efficacy for reversing disease pathophysiology (ie chronic bacterial infections) is not clear. To this end, a major emphasis in the field has been to develop alternative surrogate endpoints for evaluating efficacy in CF gene therapy trials. 157 By bringing together both a better knowledge of CFTR function in the airway and its pathophysiologic involvement in CF lung disease with the molecular mechanisms by which vectors transduce the airway, we can begin to develop the most appropriate vectors to treat the CF lung.
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